Abstract The tibiofemoral articulating interfaces of six high flexion knee designs were examined using a standard testing protocol developed by Harris et al. [J Biomech 32:951-958 (1999)] to investigate the polyethylene insert contact areas and pressures. A load of 3600 N was applied for 10 s at 0, 30, 60, 90, 110, 135 and 155°of flexion. Contact areas and pressures at the femoral-polyethylene insert interface were measured with a I-scan 4000 system. Up to 110°of flexion, the VANGUARD RP HI-FLEX showed the highest contact area and lowest pressure. At the deep flexion angles, contact area decreased and contact pressure increased significantly in all knees. The NexGen series showed a constant contact area throughout the various flexion angles. In general, all high flexion knees could result in almost point contact in an extremely high range of motion.
Introduction
Wear of ultra-high-molecular-weight polyethylene (UHMWPE) and the development of subsequent osteolysis are major problems in total knee arthroplasty [3, 11, 18] . The wear characteristics of the bearing surface, the geometry of the articulation, and the alignment of the components are important determinants of the longevity of the arthroplasty [11, 18] . The proximal femoral-UHMWPE insert articulation is recognised to be the primary producer of UHMWPE wear particles in conventional fixed bearing modular knee designs, with secondary production occurring at the fixed insert-tibial interface as a result of relative micromotion between the components [3, 11] . Examinations of retrieved tibial inserts have shown that designs with low conformity and a relatively thick polyethylene insert, both of which cause higher contact stresses, are associated with increased wear [4, 14, 19] .
In recent years, the population of the patients in Asia [2, 8, 12] and the Middle East [2, 7] , where lifestyle and religious activities demand full flexion, has been increasing. Even in areas such as America and Europe, the requirement for deep flexion is increasing to perform activities such as gardening and kneeling more comfortably [2, 9, 10] . Under these circumstances, many types of high-flexion artificial knee systems have been introduced, and various modifications have been attempted to improve the longevity of the implant. In the most recently developed high flexion knee system, the anterior part of the UHMWPE insert is deeply cut to minimise the impingement of the patella tendon in deep flexion, and a number of other modifications have been made to the UHMWPE insert in order to obtain the excellent tibiofemoral kinematics and tibiofemoral conformity. Application of a mobile UHMWPE insert in total knee arthroplasty would permit greater conformity of the tibiofemoral joint, thereby reducing contact stress without reducing the knee's range of motion. The decreased contact stress made possible by mobile bearing designs is known to increase longevity of the prosthesis by reducing wear. In mobile bearing knee designs, dual surface articulation between a polyethylene insert and the femoral component and tibial tray is an important factor of mobile bearing knee designs in terms of longevity. These systems offer the advantage of maximum conformal geometry that minimises polyethylene stresses while diminishing the constraint forces to fixation interfaces through mobility [3, 11, 14] .
In our study, we investigated the proximal interface on the UHMWPE insert contact surface areas and pressures in six different high flexion knees throughout the range of motion from 0 to 155°of flexion with a standardised testing protocol developed by Harris et al. [3, 6] .
Materials and methods
The proximal and distal articulating interfaces of five mobile bearing knee designs were examined using a standard testing protocol developed by Harris et al. [3, 6] The contact surface areas and peak pressures at the proximal articulation, between the femoral component and proximal UHMWPE insert were evaluated using an electronic pressure film (I-Scan, TekScan, South Boston, MA). This plastic-laminated thin film(0.1 mm thick) has a electronic pressure sensor with two 9.2-cm 2 sensing arrays, each with 2288 sensing elements. The femoral components were cemented using polymethylmethacrylate bone cement into the distal end of a custom-made aluminium template. The tibial component was mounted into a testing jig which has a shape similar to that of the tibial keel. This testing jig was mounted on a calibrated servohydraulic mechanical testing machine (MTS Bionix, Eden Prairie, MN) that allows optimal alignment in the anterior-posterior and medial-lateral planes as well as translational, rotational and varus-valgus freedom of movement. A load of 3600 N, corresponding five times the body weight of 73 kg person was applied for 10 s at 0, 30, 60, 90, 110, 135 and 155°of flexion, and the contact area and peak pressures were recorded using the I-Scan sensor proximally in all six knee systems. Measurements were repeated nine times for each flexion angle and knee implant.
Results

Tibiofemoral interface contact surface areas
The tibiofemoral articulation contact areas at 0, 30, 60, 90, 110, 135 and 155°of flexion at a load of 3600 N are displayed for each knee system in Fig. 1 . The Vanguard RP Hi Flex showed the highest contact areas up to 110°in all knee systems. Its contact area at 0°was over 800 mm 2 , decreasing with flexion angle. The contact area decreased further at 135 and 155°of flexion, and this geometric mechanics was similar to that of PFC Sigma RP-F. The remaining designs -NexGen LPS-Flex fixed and mobile bearing, NexGen CR-Flex fixed bearing -demonstrated similar contact areas throughout the all flexion angles from 0 to 155°.
Tibiofemoral interface peak contact pressures
The tibiofemoral surface peak contact pressures at 0, 30, 60, 90, 110, 135 and 155°of flexion at 3600 N are displayed for each knee system in Fig. 2 . The Vanguard RP Hi Flex showed the lowest contact pressure up to 135°. During flexion, all of the high flexion designs maintained relatively low polyethylene insert pressure at 3600 N (range 4.73-49.05 MPa). Although higher contact stresses were observed at high flexion angles (135°and 155°) in all knee systems, the stresses remained below 21 MPa (tensile yield stress of UHMWPE insert) up to 110°of flexion.
Discussion
The in vitro tibiofemoral contact area and pressure distributions of various knee prosthetic designs have been widely reported [14] . Knee systems tested in this study are comparatively new, and they have been modified somewhat to obtain deep flexion up to 155°of knee flexion. According to the product design rationale, major modifications are as follows: refining the outline of the posterior condyle to accommodate deep flexion, cutting the anterior part of insert to provide extensor mechanism and refining the patellofemoral and articulation tibiofemoral articulation to obtain excellent conformity. All of these modifications are made to obtain a wider area of contact and lower contact stresses in deep flexion of the knee joint. Of the six implant knee systems evaluated here, VANGUARD RP HI-FLEX is the newest, and it has a 1:1 conformity between femoral component and tibial insert, which may contribute to its wider contact areas. As it demonstrated the widest contact areas in flexion angle up to 110°, it may reduce the insert wear in ordinary daily activities without extremely deep knee flexion. The PFC Sigma RP-F system demonstrated a similar mechanical tendency, which may be due to a structural similarity in that these two knees do not require the deep bony cut of the posterior condyle. It is generally reported that range of motion may be compromised by an insufficient flexion gap and that a larger flexion gap may translate into improved flexion [5, 13, 15] . As the remaining three NexGen knees require more resection of the posterior condyle, they have some added advantage in terms of arranging the flexion gap, and they demonstrated only a little more contact area than PFC Sigma RP-F and VANGUARD RP HI-FLEX.
We applied a compression load of 3600 N to each artificial knee at varying angles. This load is approximately five times the body weight of a 73 kg person and was selected based on a report which demonstrated that three to six times the body weight is applied to the tibiofemoral joint during level walking and descending stairs [1, 6, 11] .
As the demands of a younger and more culturally diverse patient population increases, the new design knee systems will need to expand their range of motion without decreasing the longevity of the implant. Additionally, forces in the knee joint during high flexion activities vary widely among patients and will be further influenced by surgical techniques, such as component placement and soft tissue balancing. This technique has been reported as not always accurately correlating with wear patterns observed on clinical retrievals [4, 16, 17] , but our study may provide an understanding of the limitations of contemporary knee designs in terms of achieving higher degrees of knee flexion. Such information may lead to the refinement of existing designs and the development of newer prosthesis that may assure the safety and effectiveness of the knee system designs.
Contact area and pressure values decreased for all implants, thereby increasing flexion angle; in particular, contact pressure increased at the limits of flexion. Edge loading was a common occurrence in many of these knee systems. Clearly, a number of other surgical and clinical factors will influence the patient's ability to achieve such dramatic ranges of motion. This information may lead to the refinement of existing designs and the development of newer prostheses that may assure the safety and effectiveness of the knee system designs at such extremes.
